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ABSTRACT 

We report on X-ray observations of the black-hole candidate GX 339-4 during its 
2006/2007 outburst. The hardness-intensity diagram of all RXTE/PCA data combined 
shows a q-shaped track similar to that observed in previous outbursts. The evolution 
through the HID suggests that in the early phase of the outburst the source underwent 
a sequence of state transitions, from the hard to the soft state, which is supported by 
our timing analysis. Broadband (4-200 keV) spectra, fitted with an exponentially cutoff 
powerlaw, show that the hard spectral component steepens during the transition from 
the hard to the soft state. The high-energy cutoff decreased monotonically from 120 to 
60 keV during the brightening of the hard state, but increased again to 100 keV during 
the softening in the hard intermediate state. In the short-lived soft intermediate state 
the cutoff energy was ~ 130 keV, but was no longer detected in the soft state. This 
is one of the first times that the high-energy cut-off has been followed in such detail 
across several state transitions. We find that in comparison to several other spectral 
parameters, the cut-off energy changes more rapidly, just like the timing properties. 
The observed behaviour of the high energy cutoff of GX 339-4 is also similar to that 
observed with RXTE-INTEGRAL-Swift during the 2005 outburst of GRO J 1655-40. 
These results constitute a valuable reference to be considered when testing theoretical 
models for the production of the hard component in these systems. 
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1 INTRODUCTION 

The spectral evolution of black hole X-Ray transients 
(BHTs) has recently been described in terms of patterns 
in an X-ray hardness-intensity diagram (HID) (see Homan 
& Belloni 2005; Belloni et al. 2005; Belloni 2005, Gierlinski 
& Newton 2006, Remillard & McClintok 2006, Belloni 2009, 
Fender, Homan, Belloni 2009). Different states are found 
to correspond to different branches/areas of a q-like pat- 
tern that shows up in a log-log representation. Four main 
states are identified within this framework: Low Hard State 
(LHS), Hard Intermediate State (HIMS), Soft Intermediate 
State (SIMS), High Soft State (HSS). Twostates correspond 
to the original states discovered in the 1970s: the Low/Hard 
State (LHS), observed usually at the beginning and at the 
end of an outburst, showing a spectrum dominated by an 
hard component with sometimes a thermal disc component 
(very faint) and the High/Soft State, usually observed in 



the central intervals of an outburst, that shows an energy 
spectrum dominated by a thermal disc component, with the 
presence of an additional weak and steep power-law compo- 
nent. 

In between these two well-established states, the situa- 
tion is rather complex and has led to a number of different 
classifications. Homan & Belloni (2005) identify two addi- 
tional states, clearly defined by spectral/timing transitions. 
In the evolution of a transient, after the LHS comes a tran- 
sition to the Hard Intermediate State: the energy spectrum 
softens as the combined result of a steepening of the power- 
law component and the appearance of a thermal disc com- 
ponent. At the same time, the characteristic frequencies in 
the power spectrum increase and the total fractional rms 
decreases. The transition to the Soft-Intermediate State can 
be very fast (sometimes over a few seconds, see Nespoli et 
al. 2003) and is marked by the disappearance of some par- 
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ticular features in the power density spectrum and by the 
appearance of some others. 

Together with the association of the transition to the 
SIMS with the ejection of fast relativistic jets, this has led 
to the identification of a jet line in the HID, separating 
HIMS and SIMS (Fender, Belloni & Gallo 2004). The jet 
line can be crossed more than once during an outburst (as 
in the case of XTE J1859+226: Casella et al. 2004; Brock- 
sopp et al. 2002). Notice that recently the comparative study 
of different systems has shown that the jet ejection and 
HIMS/SIMS state transitions are not exactly simultaneous 
(Fender, Homan, Belloni 2009). For a more detailed state 
classification sec Belloni (2009). McCIintock et al. (2009 
and references therein) use another state classification based 
more on spectral properties than on timing properties, un- 
like the classification presented by Belloni & Homan.They 
define three different states on the basis of precise bound- 
aries of a number of parameters such as integrated frac- 
tional rms and the presence of QPO in the Power Density 
Spectrum, power law photon index and disk fraction in the 
energy spectra. For a comparison between the two classifi- 
cations, see Belloni (2009). 

While the physical nature of the soft component in the 
X-Ray spectra of BHTs is commonly associated with an op- 
tically thick accretion disc, there is no consensus as to the 
origin of the hard spectral component. Nevertheless there 
are various suggestions regarding this: the hard spectral 
component could be due to the presence of different com- 
ponent, such as a hot corona, the very inner part of the ac- 
cretion flow, the formation/ejection of relativistic jets. The 
hard component is usually interpreted as the result of ther- 
mal Comptonization or of a combination of thermal/non- 
thermal Comptonization involving the hot electrons of the 
corona and the soft photons originating in the accretion disk. 
When fitted with a power-law, the slope of the hard compo- 
nent is typically found to be ^1.6 for the LHS, 1.6-2.5 in the 
SIMS/HIMS and 2.5-4 for the HSS (Belloni et al. 2006). It 
has been known for a long time (Sunyaev & Trumper 1979) 
that the LHS spectrum shows a cutoS' around ~ 100 keV. 
A comparative measurement of a number of systems with 
CGRO/OSSE has been presented by Grove et al. (1998). 
Here the energy spectra could be clearly divided into two 
classes: the ones with a strong soft thermal component and 
no evidence of a high-energy cutoff until ~ 1 MeV, and those 
with no soft component and a ~ 100 keV cutoff. Zdziarski 
et al. (2001) and Rodriguez et al. (2004) measured the high- 
energy spectrum of GRS 1915-1-105 and found no direct ev- 
idence of a high-energy cutoff, but spectra which appeared 
to contain two components. At energies of 50-150 keV, the 
hard spectral component often shows a cut off (Belloni et al. 
2006, Joinct et al. 2008, Miyakawa et al. 2008, Del Santo ct 
al. 2008), which can provide additional information about 
the properties and origin of the hard spectral component. 
This cut off is thought to be related to the temperature of 
the thermal comptonizing electrons located in an optically 
thin corona close to the black hole, responsible for the comp- 
tonization of the soft photons emitted by the accretion disc. 
More recently Miyakawa et al. (2008) performed an anal- 
ysis on Rossi XTE Observation of GX 339-4 with the aim 
to investigate the radiation mechanism in the hard state of 
the source. They observed a high-energy cutoff ranging from 
40 to over 200 keV. Joinet et al. (2008) presented the anal- 



ysis of the high energy emission of GRO J 1655-40 at the 
beginning of the 2005 Outburst. Their high-energy data al- 
lowed them to detect the presence of a high-energy cutoff 
and to study its evolution during the outburst rise. They 
observed a cutoff decreasing from above 200 keV down to 
~ 100 keV. Following that it either increases significantly 
or vanishes completely. Caballero-Garcia et al. (2009) also 
studied GRO J 1655-40 during the 2005 outburst but claimed 
that no cutoff was required for their INTEGRAL dataset. 

The X-ray spectra of BHTs also include additional com- 
ponents which are important in terms of the physics of ac- 
cretion onto black holes, such as emission and absorption 
line features (see e.g. Reynolds & Nowak 2003, Miller et. 
al 2002, Miller et al., 2004a, Miller ct. al 2006, Neilsen & 
Lee 2009) and Compton reflection humps (see e.g. George 
& Fabian 1991, Zdziarski et al. 2001, Frontera et al. 2001). 

1.1 GX 339-4 

GX 339-4 was one of the first two BHTs for which a 
complete set of transitions was observed and studied (see 
Miyamoto et al. 1991; Belloni et al. 1997; Mendez & van 
der Klis 1997), and is known to spend long periods in out- 
bursts. A detailed study of the evolution of the hard spectral 
component in GX 339-4 at energies above 3 keV was per- 
formed during its 2004 outburst which began in February of 
that year. To get broad-band coverage during the expected 
HIMS-SIMS spectral transition, simultaneous RXTE and 
INTEGRAL observations were made. Belloni et al. (2006) 
combined data from PGA, HEXTE and IBIS, and obtained 
good quality broad-band (3-200 keV) energy spectra before 
and soon-after the transition. These spectra indicated steep- 
ening of the hard, high-energy component. Also, the high- 
energy cut-off which was present at ~70 keV before the tran- 
sition was not detected later. Therefore, although spectral 
parameters at lower energies do not change abruptly during 
the transition, the energy of the cut-off increases or disap- 
pears rapidly (within 10 hours). The power spectra before 
and after the transition showed significant differences (see 
Belloni et al. 2005; Belloni 2008): from strong band-limited 
noise and type-C QPO to much weaker noise and type-B 
QPO (for a description of the properties of different types 
of QPO, see Casella, Belloni & Stella 2005). 

Del Santo et al. (2008) report on X-ray and soft 7-ray 
observations of the black-hole candidate during an outburst 
in 2006/2007, performed with the RXTE and INTEGRAL 
satellites. The evolution in the HID of all RXTE/PGA data 
suggests that a transition from hard-intermediate state to 
soft-intermediate state occurred, simultaneously with IN- 
TEGRAL observations performed in March. The transition 
was confirmed by the timing analysis which revealed that 
a weak type-A quasi-periodic oscillation (QPO) replaced a 
strong type-C QPO. At the same time, spectral analysis re- 
vealed that the flux of the high-energy component showed 
a significant decrease. However, Del Santo et al. observed a 
delay of roughly one day between variations of the spectral 
parameters of the high-energy component and changes in 
the flux and timing properties. 

The aim of this work is to use RXTE data collected dur- 
ing the 2006/2007 outburst to study the broad-band spectral 
evolution of GX 339-4 during a full hard-to-soft state tran- 
sitions and in particular the behaviour of the high-energy 
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cut off. Here we study the spectral evolution of GX 339- 
4 over a longer period of time, covering almost the entire 
LHS to HSS transition (from 27 December 2006 to 18 April 
2007). Thanks to the unprecedented data coverage of the 
main phases of the source's evolution we were able for the 
first time to follow in a detailed way the spectral evolution 
of the source and in particular of the cut-off energy compo- 
nent of the spectra over the LH, HIMS, SIMS and the first 
part of the HSS state of the sources. 



2 OBSERVATIONS AND DATA ANALYSIS 

In 2006 November, X-ray activity of GX 339-4 was detected 
with the Rossi X-ray Timing Explorer (RXTE; Swank et al. 
(2006)). The source had an almost constant flux until the 
end of December 2006, when the hard (15-50 keV) X-ray flux 
increased by a large amount. It reached its brightest level 
since 2004 November, as detected by SWIFT/BAT (Krimm 
et al. 2006) . In order to follow the new outburst of GX 339-4 
at high energies, an RXTE ToO campaign was carried out. 
As expected in BHTs (Homan & Belloni 2005), at the be- 
ginning of the outburst GX 339-4 was in the LHS. Results 
of X-ray and soft 7 — ray observations of GX 339-4 during 
its 2006/2007 outburst, performed with RXTE and INTE- 
GRAL satellites have already been reported in Del Santo 
et al (2008). Additional results can be found in Caballero- 
Garcia et al (2009), who reported on simultaneous XMM- 
Newton and INTEGRAL observations. 

Starting from December 27, 2006 (MJD 54096) a total 
of 220 RXTE pointings were performed over a period of 
about 10 months, covering the full outburst of the source. 
We report here the color analysis of all observations (MJD 
54096 to 54388, see Figs, [l] and [2] top panel) and spectral 
analysis of 83 observations (MJD 54134 to 54208) covering 
the transition from the LHS to HSS. 

We extracted energy spectra from the PCA and 
HEXTE instruments (background and deadtime corrected) 
for each observation using the standard RXTE software 
within HEASOFT V. 6.4, following the standard extrac- 
tion procedures. For our spectral analysis, only Proportional 
Counter Unit 2 from the PCA and Cluster B from HEXTE 
were used. A systematic error of 0.6% was added to the 
PCA spectra to account for residual uncertainties in the in- 
strument calibration. We accumulated background corrected 
PCU2 rates in the channel bands A = 4 - 45 (3.2 - 18.3 keV), 
B = 4 - 10 (3.2 - 5.4 keV) and C = 11 - 20 (5.7 - 9.0 keV). 
A is the total rate, while the hardness was defined as H = 
C/B (see Homan & Belloni 2005). PCA+HEXTE spectra 
were fitted with XSPEC V. 11 in the energy range 3 - 20 
keV and 20-200 keV respectively. See Tab. [2] for the counts 
and hardness ratio values. 

For our timing analysis, we used custom software under 
IDL. For each observation we produced power density spec- 
tra (PDS) from stretches 128 seconds long using two sepa- 
rate energy bands: PCA channel band 0-249 (corresponding 
to ~ 2-60 keV) for the main power spectrum, and PCA 
channel band 18-249 (~ 7.7-60 keV) in order to look for 
high-frequency oscillations, which are usually more promi- 
nent in this high-energy band (see Homan et al. 2002). We 
averaged the power spectra and subtracted the contribution 
due to Poissonian noise (see Zhang et al. 1995) in order to 
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Figure 1. Top panel: RXTE/PCA (filled circles) and 
RXTE/HEXTE (empty circles) light curve of GX 339-4 during 
the 2006/2007 outburst. The energy range is 3.3 - 21.0 keV for 
PCA and 19.0 - 200.0 keV for HEXTE. The vertical lines sepa- 
rate the four canonical States (see Sec. |3.l| and[4]|. Bottom panel: 
Time evolution of the hardness ratio. The dashed line separates 
the LHS from the HIMS, the solid line marks the passage from the 
HIMS to the SIMS and the dot-dashed line separates the SIMS 
from the HSS. Notice that the source crosses the HIMS-SIMS 
transition line several times; we marked only the first transition 
from the HIMS to the SIMS and from the SIMS to the HSS. 
The two dotted lines indicate the time interval during which the 
source undergoes several transitions from and to the SIMS (See 



produce two Power Density Spectra (PDS) for each observa- 
tion: one for the whole energy band and one for the high one. 
The power spectra were normalized according to Leahy et 
al. (1983) and converted to squared fractional rms (Belloni 
& Hasinger 1990). See Tab.[2]for the rms values. 



3 RESULTS 

In this section, we describe the general evolution of the out- 
burst. In Fig.[l] we show the full light curve of the outburst 
(top panel) and the evolution of the hardness ratio (bottom 
panel). The Hardness Intensity diagram is shown in Fig. [2] 
In Tab. [2] we list the background corrected PCU2 count 
rate and the hardness. As one can see from Fig. [l]and Fig. 
[2] the source evolution during the outburst is very similar to 
that of the 2002/2003 and 2004 outbursts (see also Belloni 
et al. 2005): a monotonic increase in count rate at a rather 
high color, a horizontal branch with the source softening at 
a nearly constant count rate, softening with a transition to 
the SIMS, and further observations at very low hardness. 
Finally, at count rates lower than the initial LHS-HSS tran- 
sition, the transition from the HSS back to the LHS takes 
place. A noticeable difference between this outburst and the 
2004 outburst is the count rate level of the top horizontal 
branch, which is a factor of ~ 3.5 higher in the 2006/2007 
outburst, similar to the count rate level of the 2002/2003 
outburst. 

In this work we concentrate on the first part of the 
outburst, covering the LHS and the complete LHS to HSS 
transition, from observation #1 to observation #83. We will 
refer to Tab. [2] and Tab. |3] and to the observation numbers 
reported therein. 
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Figure 2. Hardness-Intensity diagram from RXTE/PCA data 
for the complete 2006/2007 outburst wliicli starts from the mid- 
dle right and proceeds in a counter-clockwise direction. Differ- 
ent symbols indicate different timing properties: type-A QPOs 
(diamonds), typc-B QPOs (squares), type-C QPOs (triangles), 
strong band-limited noise components in the Power Density Spec- 
trum (stars) , weak powerlaw noise in the Power Density Spectrum 
(crosses). The black dots indicate observations for which we did 
not perform timing analysis. The vertical lines mark the transi- 
tions as in Fig. ^ In this plot the SIMS-HSS transition line is the 
same for both the main and the second SIMS-to-HSS transition 
(see Sec.jiJ. 
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Figure 3. Power density spectra for PCA belonging to two dif- 
ferent states. Top curve: Obs. #15, belonging to the LHS (right 
vertical branch in the HID, Fig.[2]|. Middle curve: Obs. #25, be- 
longing to the HIMS (top horizontal branch in the HID). Type-C 
QPOs are evident in both PDS. Bottom curve: obs. #47, belong- 
ing to the SIMS, middle part of the top horizontal branch of the 
HID in Fig. [2] A strong type B QPO is evident in the PDS. We 
observed 2 Type B QPOs and 2 Type A QPOs during the SIMS. 
The top curve is multiplied by a factor of 10 and the bottom curve 
is scaled down by a factor of 10 for clarity. 



3.1 Timing Analysis 

Since we usually describe the evolution of a source in terms 
of spectral states, defined on the basis of spectral and tim- 
ing properties, first of all we have to classify all observations 
following stated criteria (see Homan & Belloni 2005; Belloni 
et al. 2005; Belloni 2005, Belloni 2009, Fender, Homan, Bel- 
loni 2009). For this reason we need the HID and the timing 
informations in order to identify the branches we see in the 
HID in terms of canonical BHTs canonical states, which will 
serve as a framework for the spectral analysis (see Sec 
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Beginning form the HID and examining the power spectra, 
the presence of state transitions becomes more clear. 

• Observations from #1 to #19 show a high level of ape- 
riodic variability in the form of strong band-limited noise 
components (see Fig. [sj top curve), with total integrated 
fractional rms in the range 26 — 47%, positively correlated 
with hardness. The PDS can be decomposed in a number 
of Lorentzian components, one of which can take the form 
of a type-C QPO peak (see table [l]). All the observations 
#1 to #19 correspond to the right branch in the top panel 
of Fig[2] The total fractional rms decreases as the source 
softens and brightens. All observations in which we found 
type-C QPOs are marked with triangles in Fig. [2j while the 
other observations are marked with stars. 

• Observations #20 to #:31 and observations #46, #48, 
#49 show fast aperiodic variability with a band-limited noise 
and strong type-C QPOs (see Fig. |3j middle curve). The 
PDS can be decomposed in the same Lorentzian components 
as in the preceding observations. The total fractional rms is 
lower than in the LHS (14-23%) and decreases as the source 
spectrum softens. The observations correspond to the first 
part of the horizontal branch in Fig. [2] where the largest 
color variations are observed. Notice that the boundary be- 
tween this group and the former is somewhat arbitrary, as 
the evolution in parameters is rather continuous. 

• Observation #32 and #47 correspond to a much weaker 
variability, in the form of a weak (~ 11% fractional rms) 
powerlaw component. A type-B QPO is prominent in the 
PDS (see Fig. |3) bottom curve). As observed in the 2004 out- 
burst (see Belloni et al. 2005; Belloni 2008) we see significant 
differences in the power spectra, with respect to the previ- 
ous power spectra. Strong band limited noise and a Type-C 
QPO give way to a much weaker noise and Type-B QPO. 
Observations #:45 and #50 show a Type-A QPO, weaker 
than the type-B QPO detected and with a total fractional 
rms of ~ 5% and ~ 6% respectively. These two observations 
were also softer than the two showing a Type-B QPO. All 
the observations presenting a type-A or B QPO are marked 
respectively with diamonds and squares in Fig. [2] 

• Observations from #:33 to #44 and #51 to #83 show 
weak powerlaw noise with a rms of a few %. They correspond 
to the softest observations in Fig. |2] (top panel). All these 
observations are marked with crosses in the HID in Fig. [2] 

These results are summarized in Tab. [T] 

From the PDS described above, we can identify the four 
groups of observations as belonging to the LHS (Observa- 
tions from #1 to #19, right vertical branch of the HID in 
Fig.[2]|, the HIMS (Observations from #20 to #31 and ob- 
servations #46, #48, #49, on the right part of the top hori- 
zontal branch of the HID in Fig.[2|, the SIMS (observations 
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#obs ID Noise Type QPO type RMS (in %) 



#1 to #8 strong band limited noise - 26-47% 

#9 to #19 strong band limited noise C 26-47% 

#20 to #31; #46,#48,#49 strong band limited noise C 14-23% 

#32, #47 weak powerlaw component A 11% 

#45, #50 weak powerlaw component B 5-6% 

#33 to #44; #51 to #83 weak powerlaw component - 1-2% 



Table 1. Timing properties seen in the PDS of each observation. 



#32, #45, #47, #50, marked with squares in the middle of 
the HID in Fig.j^l and HSS (Observations from #33 to #44 
and observations #51 to #83, left vertical branch of the HID 
in Fig. |2|. Corresponding transition lines are shown in Fig. 
[2] and in Fig.[l] We examined all power spectra, both at low 
and high energies, for high-frequency features, but found no 
significant excesses. 

In order to compare our results with the classification 
of McClintock et al. (2009), we follow their updated recipe. 
They present three states: Hard, Thermal Dominant (TD) 
and Steep Power Law (SPL). These three states do not fill 
the complete parameter space: observations which do not 
qualify are classified as "intermediate" . For the 83 observa- 
tions we analyzed in detail, we calculated the disk fraction 
of the total 2-20 keV unabsorbed flux, the fractional rms 
integrated over the range 0.1-10 Hz, the QPO amplitude 
if any QPO is seen and we used the values of photon in- 
dex for the power-law used in the fits of our spectra (see 
Tab.[3|. The criteria used for the McClintock & Remillard 
classification are summarized in Tab. 1 in McClintock et al. 
(2009). In Tab. 1, in addition to our state, we also report 
theirs. A comparison between the two schemes as applied to 
these observations can be seen in Tab.d We see that 42% of 
the observations fall into the intermediate state. The others 
show a general (expected) trend: all the LHS are Hard, most 
of the HSS are Thermal-Dominant and the SIMS are steep- 
power law. However, the association is not one to one. In 
conclusion we can say that for our data the classification we 
used and McClintock and Remillard classification are quite 
similar, but for the latter more than 40% of the observations 
remain unclassified. 

3.2 Spectral Analysis 

PCA (4-20 keV) and HEXTE (20-200 keV) spectra were 
combined for our broad-band spectral analysis. For fitting 
the spectra, we used XSPEC V.11.2.3. 

Following Miyakawa et al. (2008) in Fig. |4]we first plot 
the ratio of the three representative spectra to a Crab-like 
spectrum. We selected Obs. #1, Obs. #19 (where we ob- 
served respectively the highest and the lowest high-energy 
cutofT during the LHS) and Obs. #34 (where there is not a 
detectable cutoff). The Crab spectrum was simulated using 
a simple powerlaw with photon index 2.1 and normalization 
10 using xspec. As can be seen from the figure, there is a 
cutoff at high energies that changes from ~ 120 keV (Obs. 
# 1) to ~ 60 keV (Obs. 19) with increasing flux. 

In order to fit spectra we started trying a model of only 
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Figure 4. PHA ratio of GX 339-4 to Crab for three selected ob- 
servations. We reported observation #1 (circles), observation # 
19 (triangles) and observation #34 (squares). The high energy 
cutoff depends on the X-Ray luminosity and decreases with in- 
creasing luminosity. 



one component, either cutoff power law or disk, but it could 
not fit all the spectra. A combination of the two was suc- 
cessful, with the exception of a few observations where a 
single component was sufficient. A simple model consisting 
of a multi-color disc-blackbody (diskbb) and a cut-off power 
law (cutoff pi) was used to fit spectra. A hydrogen column 
density measured with instruments having a low-energy cov- 
erage, e.g. Chandra, was taken into account by adding a wabs 
component into XSPEC, with Nh frozen to 5 x lO^^cm"^ 
(Mendez & van der Klis 1997; Kong et al. 2000). An iron 
emission line with centroid fixed at 6.4 keV was further 
needed in order to obtain acceptable fits. The line never be- 
comes wider than 0.8 keVQ To account for cross-calibration 
problems, a variable multiplicative constant for the HEXTE 
spectra (as compared to the PCA) was added to the fits. In 
order to account for a reflection component, we introduced 
a smeared edge with energy between 7.1 and 9.3 keV. This 
component is alway ~ 10 keV wide and does not vary during 

1 Miller et al. (2004) analysed spectra of GX 339-4 obtained 
though simultaneous XMM-Newton/EPlC-pn and Rossi XTE ob- 
servations during a brigh phase of the 2002/2003 outburst. They 
revealed an extremely skewed, relativistic Fe Ko emission line in 
the spectra with strong red wings and intrinsically broad due to 
the Doppler shift near the innermost stable orbit. 
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Figure 5. Spectral fit results of the combined PCA and HEXTE 
spectra of GX 339-4 for two selected observations. For both spec- 
tra we used a model consisting of an interstellar absorption com- 
ponent, a gaussian line, a smeared edge in order to account for the 
reflection component, a multicolor disk-blackbody and a cutoiT 
powerlaw. Top panel: observation #1 (LHS, right vertical branch 
in the HID. |2]l. This observation shows the highest value of the 
cutoff we can consider reliable (small errors). The high values we 
found during the HSS presents too large error bands to be consid- 
ered reliable. Bottom panel; observation #19 (LHS, upper part of 
the right vertical branch in the HID) shows one of the lowest val- 
ues of the high-energy exponential cutoff we observed in our data. 
The top panels in both the figures show a spectrum fitted with a 
cut-off powerlaw model (see text), the middle panels show resid- 
uals from a fit with a simple cutoff-powerlaw model, the bottom 
panels show the residuals for a simple powerlaw model. 



the source evolution, so we can assert that the smeared edge 
component does not afltect the properties of the cutoff. For 
the first part of the outburst (from #1 to #23), a disk com- 
ponent was not needed in order to obtain good spectral fits 
and was therefore removed from the fit. The average reduced 
was 1.17 for 92 degrees of freedom. In Fig. [H] spectral fits 
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Figure 6. Light curve and evolution of the main spectral pa- 
rameters of the source. For all the panels shown we plotted the 
spectral parameters for a selection of 51 observation (from #1 
to #51) covering the entire hard-to-soft transition of the source, 
coming from Tab. [3] From the top to bottom: Light curve, inner 
radius in km (assuming a distance of 8 kpc and inclination of 60 
degrees), disc temperature in keV at the inner radius, photon in- 
dex, cutoff energy in keV. The vertical lines mark the transitions 
and follow the same convention as in Fig. [T] Points with horizon- 
tal error band correspond spectra obtained averaging observations 
with similar hardness. The error bar represents the time interval 
corresponding to the accumulation. In the bottom panel we used 
the values coming from Table ??. 



from selected observations are shown. The upper spectrum 
is from observation #1 (belonging to the LHS, in the right 
vertical branch of the HID in Fig.[2|. The high-energy cutoff 
for this spectrum is the highest seen that can be considered 
reliable. Several HSS observations present very high values 
for the high-energy cutoff, but with very large uncertainties. 
The lower spectrum is from observation #19 (belonging to 
the LHS, in the right vertical branch very high part in the 
HID). This spectrum shows one of the lowest cutoff energies 
we observed in our data. This observation was taken just 
before the LHS-to-HIMS transition. For the second group of 
observations (from #24 to #32, from #36 to #39 and from 
#43 to #50), a disk black body was necessary, yielding an 
average reduced of 0.90 for 90 degrees of freedom. Fi- 
nally, the softest observations (from #33 to #35, from #40 
to #42 and from #50 to #83) did not require a high-energy 
cutoff. The average reduced w-as 0.92 for 91 degrees of 
freedom. 
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Figure 7. Different models fitting the Spectra in the LHS, HIMS 
and HSS. The solid lines correspond to LHS observations (#5, 
#7, #15, #19, #20), the dashed Une corresponds to a HIMS 
observation (#25) and the dotted dashed line corresponds to an 
HSS observation (#33). The bottom two curves are scaled by a 
factor of 20 for clarity. 

The best fit parameters are listed in Tab.|3] while in Fig. 
[6]one can see the evolution of the main spectral components. 
The data shown in all the panels in Fig. |6] come from a 
selection of 51 observations (from #1 to #51) covering the 
entire hard-to-soft transition of the source. Fig.[7|shows the 
evolution of the best fit model. 

In order to accumulate spectra with better statistics 
for soft observations where a high-energy cutoff is not mea- 
sured, we summed spectra corresponding to similar hard- 
ness. The resulting fit parameters are shown in Tab. ??: a 
high-energy cutoff is detected, although with large uncer- 
tainties. In Fig. [6] where we also mark the transitions estab- 
lished through timing analysis, we can follow the evolution 
of spectral prameters. In the bottom panel of Fig. |6] we used 
the parameters coming from Tab. ??, while for the other 
panels of Fig. [6] we used parameters coming from Tab. |3] 
From Fig. |6]we can see that: 

• The photon index undergoes a slight increase during the 
LHS from T ~ 1.4 to ~ 1.6. During the HIMS it rises from 
1.6 to 2.4 in a few days. After the HIMS to SIMS transition 
the photon index is consistent with being constant. 

• The high-energy cut off is clearly present in the LHS, 
during which it changes almost monotonically from ~120 
keV to ~60 keV. After the transition to the HIMS the high- 
energy cut off increases considerably, from 60 keV to 100 in 
a few days. During the SIMS and the HSS, the high-energy 
cut off appears to be very high (~160 keV) and constant, 
while after the final transition to the HSS (taking place be- 
tween observations #50 and #51) it disappears. Since in 
this phase of the outburst the hard tail of the spectrum 
is very weak and a small fluctuation in the flux can modify 
the spectrum, during the SIMS and the HSS the high-energy 
cutoff appears with large uncertainties. Therefore, we cannot 
assert the presence or the absence of a high-energy cutoff. 
The fact that this happens near the HIMS-SIMS and SIMS- 
HSS transitions is particularly relevant in the context of jets 
models, because the high-energy cutoff changes take place 
very close in time to the moment in which the jet emission 
is supposed to happen (Fender et al 2009). 



In the first part of the outburst (corresponding roughly 
to the LHS), there is no measurable thermal disk compo- 
nent. When the disk appears, after the LHS-HIMS transi- 
tion, we observe an increase in the disk radius through the 
HIMS-SIMS-HSS transitions, followed by a decrease. At the 
same time, the disk temperature decreases steadily. Given 
the simplified form of our model, the absolute measurements 
of the inner radius are not robust and therefore not reliable. 
While the disk component was needed it could not be con- 
strained very well and that we cannot draw any firm conclu- 
sions about its behavior from our fits. In addition, the poow 
low-energy sensitivity of RXTE usually makes very difficult 
the measurement of the spectral parameters related to the 
low-energy components. 



4 DISCUSSION 

From the results persented in the previous section, we con- 
clude that we observed three different transitions: from LHS 
to HIMS, from HIMS to SIMS and from SIMS to HSS. 

• The LHS-HIMS transition took place between Obs #19 
and Obs. #20. It is identified through the appearance of a 
stronger type-C QPO in the power density spectra, by a 
change in the parameters of the hard spectral component, 
and by a large change in the hardness (see Fig. [2|. The 
power-law index increases faster with time across this tran- 
sition, while the high-energy cut off stops decreasing. 

• The first HIMS-SIMS transition took place between 
Obs. #31 and Obs. #32 and, by definition, was marked by 
the disappearance of the type-C QPO typical of the LHS and 
HIMS and the onset of a type-B QPO in Obs. #32. This ob- 
servation is one of the four observations in the SIMS, all of 
them showing a type-A or type-B QPO. At the same time 
the high-energy cutoff shows a large change, jumping from 
~150 keV to higher values. 

• The first SIMS-HSS transition takes place between Obs. 
#32 and Obs. #33, identified through the low value of inte- 
grated fractional rms and the absence of type-A/B/C QPOs. 

• Besides these three main transition we observed transi- 
tions involving the intermediates states. 

To summarize, we observed: 

- a transition from LHS to HIMS 

- a main transition and two secondary transitions from 
HIMS to SIMS 

- a main and a secondary transition from SIMS to HSS 
(this last transition is reported in Del Santo et al. 2008) 

In Fig. [1] |2] |6] we marked the LHS-HIMS transitions 
and only the first transitions from HIMS to SIMS and from 
SIMS to HSS. We refer to these first transition as the main 
transitions. Due to the short time scale of the transitions to 
and from the SIMS, we cannot be sure that we observed all 
transitions underwent by the source. All we can say is that 
the line in the HID corresponding to the HIMS-SIMS tran- 
sition was crossed at least five times in total. The location 
of the three main transitions in the HID (see Fig. [2| was 
consistent with those of the previous outbursts. 

The observed behaviour of the photon index is also sim- 
ilar to that of the previous outbursts (Belloni et al. 2005; 
Del Santo et al. 2008), while the high-energy cut off behav- 
ior shows different properties. In 2004, the major HIMS to 
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SIMS transition on the primary horizontal branch was simul- 
taneously observed with INTEGRAL and RXTE (Belloni et 
al. 2006): after the transition, these authors report the lack 
of the high energy cut-off in the SIMS (present at ~70 keV 
in the HIMS). Del Santo et al. (2008) confirm the latter re- 
sult (disappearance of the cut-off in the SIMS) for the 2004 
outburst by using simultaneous IBIS, SPI and JEM-X data 
collected during the same transition. However, they found 
a higher value of the cut-off in that same HIMS (115^23 
keV) because of new INTAGRAL calibrations. Del Santo et 
al. (2009), using RXTE/PCA, RXTE/HEXTE and INTE- 
GRAL/IBIS/ISGRI data performed a broad band spectral 
analysis covering the energy range from 3 keV (PCA) to 200 
keV (IBIS/ISGRI). They observed a secondary HIMS/SIMS 
transition in the 2006/2007 outburst of GX 339-4 and found 
a different behaviour in relation to what we observed: dur- 
ing the transition HIMS/SIMS the high-energy cut-off has 
moved to a lower energy, while we observed an opposite 
trend. Moreover, this variation is observed to take place be- 
fore the HIMS/SIMS transition as deduced from the timing 
properties. Thanks to our RXTE data we clearly observed 
a high-energy cut off increase during the HIMS to SIMS 
transition. 

Miyakawa et al. (2008) studied a large sample of RXTE 
data from GX 339-4 during the hard state through differ- 
ent outbursts (not including the one presented here) using 
the same model we adopted (powerlaw with high energy ex- 
ponential cutoff, smeared edge, Fe-line component). They 
found that a cutoff energy is present in all their hard-state 
observations. They could not make a real comparisons with 
previous results (Zdziarski et al. 1998), because those au- 
thors used different models, but they clearly found a variable 
energy cut-off in GX 339-4, with values between 40 and 200 
keV or more, similar to our results. The power law photon 
index showed an anticorrelation with the source luminosity. 
The cut off energy was also anticorrelated with luminosity 
above 10"^^ erg s~^, while it was constant around ~200 keV 
below that value. Our LHS data span luminosities from 10^^ 
erg s^^ to 10'^** erg a"^ . We observe the same anticorrela- 
tion cut off-luminosity, which continues in the HIMS up to 
2.6 X 10^* erg s'^ . 

They also calculated the absorption-corrected X-ray lu- 
minosities in the 2-200 keV range and assumed the dis- 
tance of GX 339-4 to be 8 kpc (Zdziarski et al. 2004). They 
obtained luminosities ranging from 1.0 x 10^^ erg s~^ to 
2.1 X 10'^* erg s~^ and they found a clear anti-correlation 
between luminosity and the cutoff energy for luminosities 
> 7 X 10'^'^ erg s~^. On the other hand they observed that 
the value of the high-energy cutoff seemed to be roughly con- 
stant at 200 keV when the luminosity was < 7 x lO'^^ergs"^. 
We calculated the absorption-corrected luminosity of the 
source following the same criteria Miyakawa et al. (2008) 
used and we found a similar range of luminosity (from 
1.01 X 10^** erg s"^ to 1.14 x 10^'' erg s-1). We found the 
same anticorrelation during the LHS and during the HIMS, 
while the luminosity ranged from 1.01 x 10'^* erg s~^ and 
2.57 X lO''* erg s~^. During the HSS the luminosity decreases 
from 7.25x10^^ erg s"^ to 1.14x10^^" ergs"\ As we pointed 
out before, during the SIMS and the HSS after the final tran- 
sition from SIMS to HSS, we cannot exclude the presence 
of a cutoff, that either remains constant in energy or dis- 



appears. This behavior is consistent with a constant cutoff 
around 200 keV with a luminosity < 7 x lO^^erg s~^. 

The observed behaviour of the high energy cutoff of 
GX 339-4 is also similar to that observed with RXTE- 
INTEGRAL-Swift during the 2005 outburst of GRO J 1655- 
40 (Joinet, Kalemci & Senziani 2008), in contrast to the 
results of Caballero Garcia et al. (2006) who do not find ev- 
idence of a cut off in the INTEGRAL spectra of the same 
source in the LHS. From their table, it is possible to recon- 
struct the time evolution of the high-energy cutoff, shown 
m Fig. |8] They used various models available in the stan- 
dard XSPEC 11.3.1 fitting package. For all models the iron 
emission line, a multicolor disk blackbody and an interstel- 
lar absorption component were present. They first fitted the 
data with a reflection model (PEXRAV in XSPEC) consist- 
ing of a power-law with a high-energy cutoff and reflection 
from neutral medium. Since the hard powerlaw plus cutoff 
model in the LHS is usually interpreted as thermal Comp- 
tonization in a hot optically thin plasma, they also used the 
COMPTT model (Titarchuk 1994) in order to describe the 
high-energy spectrum. They observed that, with both mod- 
els, the cutoff decreases through the LHS and the HIMS, 
starting from ~ 200 keV and reaching ~ 60 keV, to increase 
again in SIMS and HSS. The coverage of this outburst is 
good but unfortunately the HIMS was particularly short. 

The high-energy cutoff appears to be changing much 
more rapidly than other spectral parameters and possibly 
as fast as the timing properties. From Fig. [2] and Fig. [6] 
(flrst panel from the bottom) we can see that transition 
from LHS to HIMS is evident both in the HID and in the 
cutoff evolution, while we cannot say the same thing for 
the HIMS-to-SIMS transition. The cutoff energy shows a 
big variation crossing the HIMS-to-SIMS line, jumping from 
~100 keV to ~160 keV, and at the same time the PDSs 
change very quickly. It is known that the ejection of tran- 
sient relativistic jets typical of most black- hole binaries (see 
Fender, Belloni, Gallo 2004) takes place on very short time 
scales. The variations of the high-energy cutoff takes place 
on comparable timescales. Recently a comparative study of 
different systems has shown (crossing of the "jet line") that 
the jet ejection and HIMS/SIMS state transitions are not 
exactly simultaneous (Fender, Homan, Belloni 2009). Our 
data make possible to assert that the variation of the high- 
energy cutoff takes place just in correspondence with the 
main HIMS/SIMS transition, but due to the lack of radio 
observations we cannot exclude that the jet line coincides 
to the transition. In other words, it is possible that changes 
in the high-energy part of the spectrum and the crossing of 
the jet line are always simultaneous. Clearly the idea of a 
"canonical" 100 keV cutoff (see Zdziarski at al. 1996) in the 
LHS of black-holes binaries is too simplifled. Large varia- 
tions are seen in at least two sources across the LHS. These 
are transient systems, but also for persistent sources such as 
Cyg X-1 this paradigm needs to be revised (see Wilms et al. 
2006). 

The transition can also be seen in the photon index evo- 
lution (see Fig. |6j fourth panel from the top). Even though 
the evolution of the photon index across the transitions seem 
to be continuous we clearly see a change in its trend. Summa- 
rizing, in coincidence to the HIMS/SIMS transition, deflned 
through timing properties, we see: a sudden increase n the 
high-energy cutoff and a reverse in the trend of the pow- 
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Figure 8. Time evolution of the liigli-energy cutoff for the 2005 
outburst of GRO J 1655-40 as measured by INTEGRAL (from 
the data of Joinet, Kalemci, & Senziani 2008), with RXTE- 
determined states. 



erlaw slope. We cannot exclude that these spectral changes 
are directly associated to the ejection of transient relativistic 
jets. 

Qualitatively, we can understand the reason for the soft- 
ening in the LHS. Independent of whether the inner disk of 
the accretion disk moves inward or not, as the source be- 
comes brighter more soft photons will be emitted by the 
disk. The photon input to the Comptonizing medium will 
therefore increase. This will steepen the power-law part of 
the Comptonization spectrum and will cool the population 
of electrons (see Sunyaev & Titarchuck, 1980). On the con- 
trary, during the HIMS, when the softening is much more 
marked and the thermal disk starts to dominate, the increase 
in cutoff energy and hence in temperature of the Comptoniz- 
ing cloud can not be explained within this framework. 

The softening can therefore be understood in terms of 
thermal comptonization, but not the subsequent evolution. 
The idea that two varying powerlaw components, one associ- 
ated with a high-energy cutoff (thermal) and one without it 
(non-thermal), cannot explain the high-energy cutoff evolu- 
tion after the LHS to HIMS transition. The behaviour seems 
to indicate that it is only one component that evolves. There- 
fore, a simple disappearing of a thermal component and its 
replacement with a non-thermal one is not a favored sce- 
nario. However, Del Santo et al. (2008) show that the HIMS 
spectra from INTEGRAL observations indicate the presence 
of an additional component to the thermal compton one, 
evidence of the presence of a non-thermal tail in the dis- 
tribution of the electrons. This tail could become dominant 
when approaching the soft state, mimicking an increase in 
cutoff energy. We tried to simulate a spectrum from a model 
consisting of a cutoff-powerlaw (with the parameters found 
at the LHS/HIMS transition) plus a simple powerlaw (with 
the parameters corresponding to those of the SIMS and de- 
creasing fluxes). We then fitted the simulated spectra with a 
cutoff powerlaw: we found that the high-energy cutoff does 
not vary significantly in response to the powerlaw addition. 
Therefore we can conclude that the non-thermal powerlaw 



component, if present, does not influence the high-energy 
cutoff evolution. 



5 CONCLUSIONS 

The results presented above constitute an important mea- 
surement of the changes of the broad-band X-ray spectrum 
of a BHT across the hard to soft state transition, which 
is necessary for the development and testing of theoretical 
models. We have presented RXTE observations of GX 339-4 
which covered the first half of the outburst. We followed the 
source spectral evolution from the LHS through the HIMS 
and the SIMS untill the HSS. Our detailed broadband spec- 
tral analysis showed that the hard spectral component steep- 
ens during the transition from the hard to the soft state and 
the high-energy cutoff varies non-monotonically and rapidly 
though the transitions. The high-energy cutoff decreased 
monotonically from 120 to 60 keV during the brightening 
of the hard state, but increased again to 100 keV during the 
softening in the hard intermediate state. In the short-lived 
soft intermediate state the cutoff energy was ~ 130 keV, 
but was no longer detected in the soft state. The changes in 
the high-energy cutoff were interpreted as a conseguence of 
the transitions. The high-energy cutoff behavior is similar 
to what observed with RXTE-INTEGRAL-Swift during the 
2005 outburst of GRO J 1655-40. The transitions can also 
be seen in the photon index evolution (see Fig. |6] fourth 
panel from the top). Even though the evolution of the pho- 
ton index across the transitions seem to be continuous we 
clearly see a change in its trend. From our analysis it is 
clear that although the transition from the LHS to the HSS 
is a process that takes days to weeks (see e.g. Belloni et al. 
2005), a sharp transition in the properties of fast time vari- 
ability takes place on a much shorter time scales, similarly 
to what happens to the high-energy cutoff. From what we 
have shown it is clear that the transition in the properties 
of fast time variability corresponds also to a change in the 
high-energy properties. 
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Figure 9. Time evolution of the high-energy cutoff in GX 339-4 
during its 2006/2007 outburst. Notice that after MJD 54165 (ob- 
servation #51) there is no measurable cutoff. The four vertical 
lines mark the LHS-HIMS (dashed), HIMS-SIMS (filled), SIMS- 
HSS (dot-dash) transitions. The dotted curve indicates that those 
two points belong to the same spectral fit. The points with hori- 
zontal error band corresponds to spectra summed across multiple 
observations. This figure is the same of the bottom panel of figure 

m 
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# Obs. ID MJD PCU2 Counts/s hardness rms QPO State (B) State (M/R) 



1 


92052-07-04-00 


54096, 


,00 


223.50 ± 0.38 


0, 


.885 ± 0.004 


47 


.93 ± 2, 


.81 




LHS 


INT 


2 


92052-07-05-00 


54101, 


,26 


234.30 ± 0.50 


0, 


.882 ± 0.005 


45, 


,09 ± 7, 


,11 




LHS 


INT 


3 


92428-01-01-00 


54108, 


.57 


318.70 ±0.43 


0, 


.873 ± 0.003 


45, 


.66 ± 2, 


.76 




LHS 


H 


4 


92428-01-01-01 


54108, 


.79 


314.80 ± 0.46 


0, 


.871 ± 0.003 


48, 


.96 ±3 


.76 




LHS 


H 


5 


92052-07-06-00 


54111, 


.84 


354.10 ±0.63 


0, 


.868 ± 0.004 


43, 


.68 ± 2, 


,85 




LHS 


H 


6 


92052-07-06-01 


54117, 


.89 


455.60 ±0.75 


0, 


.851 ± 0.003 


39, 


.48 ± 3, 


.20 




LHS 


H 


7 


92428-01-02-00 


54121, 


.21 


527.70 ± 0.70 


0, 


.847 ± 0.003 


38, 


.82 ± 1, 


.08 




LHS 


H 


8 


92428-01-03-00 


54126, 


.05 


647.40 ±1.15 


0, 


.833 ± 0.004 


36 


.43 ± 2, 


.69 




LHS 


H 


9 


92035-01-01-01 


54127, 


.89 


703.70 ± 0.98 


0, 


.837 ± 0.003 


36, 


.65 ± 2, 


.49 


C 


LHS 


H 


10 


92035-01-01-02 


54129, 


.08 


758.40 ±1.20 


0, 


.831 ±0.003 


36, 


.41 ±3, 


.51 


C 


LHS 


H 


11 


92035-01-01-02 


54129, 


.08 


797.40 ±1.07 


0, 


.832 ± 0.003 


35 


.87 ± 1, 


.09 


c 


LHS 


H 


12 


92035-01-01-04 


54131, 


.03 


826.50 ± 1.12 


0, 


.830 ± 0.003 


35, 


,08 ± 1 


.06 


c 


LHS 


H 


13 


92035-01-02-00 


54131, 


.95 


856.20 ± 1.15 


0, 


.826 ±0.003 


33 


,33 ± 1 


.81 


c 


LHS 


H 


14 


92035-01-02-01 


54132, 


.87 


863.80 ± 1.18 


0, 


.823 ± 0.003 


32, 


.37 ± 1, 


.94 


c 


LHS 


H 


15 


92035-01-02-02 


54133, 


.98 


879.50 ±1.18 


0, 


.823 ± 0.003 


32 


.14 ±0, 


.94 


c 


LHS 


H 


16 


92035-01-02-03 


54134, 


.96 


908.40 ± 1.22 


0, 


.818 ±0.003 


31, 


.88 ±0, 


.91 


c 


LHS 


H 


17 


92035-01-02-04 


54135, 


.94 


981.00 ±1.32 


0, 


.810 ±0.003 


30, 


.93 ± 1, 


.66 


c 


LHS 


H 


18 


92035-01-02-08 


54136, 


.80 


1001.00 ± 1.63 


0, 


.801 ± 0.003 


28, 


.62 ±2, 


.81 


c 


LHS 


H 


19 


<)20:-!r)-0l-n2-07 


.I li:?7. 




1020.00 ± 1. 12 


0, 


.782 ± 0.00:? 


20, 


,20 ± 1 


..''il 


(' 


LIIS 


il 



20 


92035- 


■01- 


■02-06 


54138. 


,89 


1035 


.00 ± 


1, 


.44 


0, 


.732 ± 


.002 


22, 


.72 ± 


1, 


.18 


c 


HIMS 


H 


21 


92035- 


-01- 


-03-00 


54139. 


.15 


1037 


.00 ± 


1, 


.45 


0, 


,714 ±0 


.002 


23, 


,10± 


0, 


,46 


c 


HIMS 


H 


22 


92035- 


-01- 


-03-01 


54140, 


.00 


1045, 


.00 ± 


1, 


.50 


0, 


,658 ±0, 


.002 


21, 


.02 ± 


0, 


.60 


c 


HIMS 


H 


23 


92035- 


■01- 


■03-02 


54140, 


.98 


1084 


.00 ± 


1 


.62 


0, 


.574 ± 0, 


.002 


20 


.21 ± 


1 


.04 


c 


HIMS 


H 


24 


92035- 


-01- 


-03-03 


54141, 


.96 


1161 


.00 ± 


1, 


.84 


0, 


,480 ± 


.002 


19, 


.09 ± 


0, 


,53 


c 


HIMS 


INT 


25 


92428- 


-01- 


-04-00 


54142, 


.80 


1210 


.00 ± 


1 


.99 


0, 


.426 ±0 


.001 


18 


,70 ± 


0, 


,53 


c 


HIMS 


INT 


26 


92428- 


-01- 


-04-01 


54142, 


.90 


1206 


.00 ± 


2, 


.06 


0, 


.434 ± 


.002 


18, 


.05 ± 


1, 


.24 


c 


HIMS 


INT 


27 


92428- 


■01- 


■04-02 


54143, 


.03 


1218, 


.00 ± 


2, 


.12 


0, 


.439 ± 


.002 


17 


.66 ± 


1 


.35 


c 


HIMS 


INT 


28 


92428- 


-01- 


-04-03 


54143, 


.82 


1247 


.00 ± 


2, 


.22 


0, 


.393 ± 


.001 


17, 


.35 ± 


0, 


.72 


c 


HIMS 


INT 


29 


92035- 


-01- 


-03-05 


54144, 


.06 


1253, 


.00 ± 


2, 


.18 


0, 


.355 ±0, 


.001 


16, 


.25 ± 


0, 


.51 


c 


HIMS 


INT 


30 


92428- 


■01- 


■04-04 


54144, 


.91 


1276 


.00 ± 


2, 


.30 


0, 


,364 ± 


.001 


16, 


.33 ± 





.69 


c 


HIMS 


INT 


31 


920:-!.'')- 


-01- 


-0:-!-0(i 


.-ill 11, 


,07 


1272 


.00 ± 


2 


.10 


0, 


:.m ± 


.001 


l(i. 


.21 ± 


0, 


.10 


(' 


lUMS 


srL 



32 92035-01-04-00 54145.96 1404.00 ± 2.62 0.276 ± 0.001 11.22 ± 0.59 B SIMS SPL 



33 


92035- 


■01- 


■04r 


■01 


54147. 


,09 


1129.00 ±2.43 


0. 


.180 ±0, 


.001 


7.98 ± 0.69 




HSS 


INT 


34 


92035- 


-01- 


-04- 


-02 


54148. 


.64 


1102.00 ± 2.35 


0. 


,164 ±0 


.001 


6.64 ± 0.60 




HSS 


TD 


35 


92085- 


■01- 


-01- 


-00 


54149. 


.69 


1080.00 ±2.29 


0. 


,166 ±0, 


.001 


6.21 ±0.58 




HSS 


INT 


36 


92085- 


■01- 


-01- 


■04 


54150. 


.75 


1126.00 ±2.36 


0. 


.190 ± 


.001 


7.36 ± 0.70 




HSS 


INT 


37 


92085- 


■01- 


-01- 


■05 


54151. 


.78 


1055.00 ± 2.28 


0. 


.152 ±0, 


.001 


6.65 ± 0.59 




HSS 


TD 


38 


92085- 


-01- 


-01- 


-06 


54152. 


.63 


1059.00 ± 2.35 


0. 


,136 ±0 


.001 


4.87 ± 0.69 




HSS 


TD 


39 


92085- 


-01- 


-02- 


-00 


54153, 


.81 


1034.00 ± 2.29 


0. 


,136 ±0, 


.001 


6.74 ±0.56 




HSS 


TD 


40 


92085- 


■01- 


■02^ 


■01 


54154, 


.52 


1038.00 ± 2.28 


0. 


,140 ±0, 


.001 


5.75 ±0.60 




HSS 


TD 


41 


92085- 


-01- 


-02- 


-02 


54155, 


.49 


991.90 ±2.16 


0. 


,149 ±0 


.001 


7.17 ±0.67 




HSS 


TD 


42 


92085- 


■01- 


■02^ 


■03 


54156, 


.75 


1018.00 ±2.12 


0. 


,185 ±0, 


.001 


6.85 ±0.55 




HSS 


INT 


43 


92085- 


■01- 


■02^ 


■04 


54157, 


.73 


931.50 ± 2.06 


0. 


.137 ±0, 


.001 


7.47 ± 0.66 




HSS 


TD 


44 


92085- 


■01- 


■02^ 


■05 


54158, 


.44 


993.80 ± 2.09 


0. 


.183 ±0, 


.001 


7.31 ±0.62 




HSS 


INT 


45 


92085- 


-01- 


-02- 


-06 


54159, 


.84 


1101.00 ± 2.20 


0. 


,229 ±0 


.001 


5.27 ± 0.68 


A 


SIMS 


SPL 


46 


92085- 


-01- 


-03- 


-00 


54160, 


.61 


1072.00 ± 1.96 


0. 


,305 ±0, 


.001 


15.10 ±0.53 


C 


HIMS 


SPL 


47 


92085- 


■01- 


■03^ 


■01 


54161, 


.60 


1144.00 ±2.20 


0. 


.271 ±0, 


.001 


11.74 ± 0.84 


B 


SIMS 


SPL 
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# Obs. ID MJD PCU2 Counts/s hardness rms QPO State (B) State (M/R) 



A Q 


yzUcS5-Ui-Uo-Uz 


^A 1 KO 

541DZ, 


,04 


1008.00 ± 1.85 


U. 


ono _J_ n 


nni 
.UUl 


1 A Qc; _i_ n CQ 
14. o5 it U.5o 




rlllVlo 


QTUT 

br^lj 




noriQc; ni hq hq 
yzUoo-Ui-Uo-Uo 


C /1 1 AQ 


A n 


992.60 ± 1 


.84 




Qnc; j_ n 


nni 
.UUl 


1 A oo J- n f^Q 
14. zz it U.Oo 


\^ 


rlllVlo 


QTDT 
bl^L; 


50 


y ^Uo5-U i-Uo-U4 


54164, 


,4/ 


935.20 ±1, 


.88 


0. 


.221 lb 0. 


.001 


ci oo _L r\ CIO 
D.oo ± U.bo 


A 


biiVLo 




oi 


nontj c ni nQ nc 
y zUo5-U i-Uo-U5 


54165. 


,26 


876.40 ±1, 


.87 


0. 


.206 di 


.001 


^ 01 _1_ A TO 

o.zl ± U.7z 




XJCO 

rloo 


ilN 1 


52 


nonces ni n/i iq 
yiUoO-Ui-U4-lo 


54167. 


,48 


710.60 ± 1 


.76 


0, 


,162 zt 


.001 


"7 ACl _L 1 t^Q 




XJCC 


liN 1 


53 


nono r; ni n/i no 
yzUo5-Ui-U4-Uo 


54168. 


,20 


690.70 ±1, 


.72 


0. 


.159 di 0, 


.001 


o.o5 ± 1.74 




XJCO 

rloo 


TTVTT' 

liN 1 


54 


nono cm n/i nn 

yzUo5-ui-u4-uy 


54168. 




672.60 ± 1 


.67 


0. 


.144 ± U, 


.001 


a Qfi _L 1 tiC\ 

o.oD ± i.by 






1 D 


55 


nono cm r\A in 
yzUo5-Ui-U4-i(J 


54168. 


,33 


664.00 ± 1 


.76 


0. 


.141 di 0, 


.001 


T m _L 1 T1 

7.U1 ± 1.71 




rlbb 


1 u 


56 


nonoc ni n/i nn 
yiUoO-Ui-U4-UU 


54169. 


,1 / 


630.20 ± 1 


.50 


0, 


,121 di 


.001 


rr ric i o fi 1 

5.Ud ± z.bl 




rlbb 


1 u 


57 


nono c; n i r\A no 
y ZUoO-U i-U4-Uz 


54170. 


,16 


588.50 ±1, 


.47 


0. 


.119 di 0, 


.001 


C TT _L 1 Af\ 

5.77 ± 1.4U 




rlbb 


1 u 


5o 


nono c; m n/i nQ 
y zUo5-U i-U4-Uo 


54170. 


,22 


596.80 ±1 


.48 


0. 


.125 di 0, 


.001 


c n c _i_ 1 A£i 
5.y5 ± 1.4o 




rlbb 


1 u 


oy 


noriQc; ni r\A nc; 


/1 1 Ti 
o4i / i. 


01 

,zl 


562.20 ± 1 


.44 


u. 


1 on J- n 
,lzU it U 


nni 
.UUl 


fi 1 Q J- 1 Tfi 
D.lvS it L. to 




Hob 


1 u 


fin 


ooHQc^ ni r\A nfi 


o4i / i. 


,Z / 


563.50 ± 1 


.40 


U. 


, lz4 zt U 


nni 
.UUl 


1 ICi _L 1 KO 

( . i U ± l.oz 




llbb 


1 D 


fi 1 


nonQc; ni n/i nv 
yzUoO-Ui-U4-U ( 


/1 1 '7^ 
541 i i. 


'3 /I 


562.10 ± 1, 


.44 


U. 


1 oo _L n 
,lzz it U. 


nni 
.UUl 


/I n _L 1 Q A 
D.4U it l.oU 




rlbb 


1 1 J 


DZ 


nonQC m (\a (\a 
y zUcS 5- U 1- U4- U4 


Cyl 1 TO 

541 ( Z. 


OQ 
,ZO 


538.00 ±1 


.53 


U. 


1 on J- n 
.IzU it U, 


nni 
.UUl 


T no 1 O 1 A 

/ .yz it z.iy 




rlbb 


1 u 


Do 


oonQf^ ni r\A ii 
yzUoO-Ui-U4-ii 


C /1 1 TQ 

541 / o. 


,yo 


542.70 ± 1 


.39 


U. 


,1D0 it U 


nm 
.UUl 


1 Q QQ _L O OI 

IvJ.OO it z.zl 




rlbb 


liN 1 


D4 


noAQc; no ni ni 
y zUoO-Uz-U i-U i 


CC/1 1 TQ 

541 / o. 


,yo 


546.40 ±1, 


.32 


U. 


1 (id -\- A 

,idd it u 


nni 
.UUl 


1 A /I O -1- 1 OT 

1U.4Z it l.o / 




rlbb 


liN 1 


D5 


nonce; no m nn 
yzUcS5-Uz-Ui-UU 


C y1 1 TC 

541 (5. 


no 


512.60 ±1 


.14 


U. 


1 C/l _J_ A 

.154 it U, 


nm 
.UUl 


Pi nfi _L A m 

o.yD it u.yi 




rlbb 


liN 1 


DO 


oonQc no m no 
yzUcS5-Uz-Ui-Uz 


Kyi 1 TC 

541 r 5. 


,y r 


536.90 ± 1 


.17 


n 
U. 


1 Q/1 -J- A 

.lo4 It U, 


nm 
.UUl 


T QA J_ 1 C/l 

( .oy it 1.54 




rlbb 


liN 1 


D ( 


nonoc; no ni nQ 


C /1 1 TT 

541 / ( . 


1 o 


555.50 ±1 


.17 


U 


oni J- A 
,zUl it U 


nm 
.UUl 


TC; _L A Q/1 
0. / O it U.o4 




Mbb 


TTS.TT' 
liN 1 


DO 


noAQc; no ni c\a 
yzUoO-Uz-Ui-U4 


C /1 1 TV 

541 / ( . 


OQ 

,yo 


571.90 ±1, 


.20 


U. 


01 Q J_ A 
,zlo it U. 


nm 
.UUl 


Q fiQ J- 1 Qfl 

o.Do it l.oD 




rlbb 


liN 1 


fin 


nonoc; no m nc 
yzUcS5-Uz-Ui-U5 


541 (o. 


, ( D 


520.50 ±1 


.16 


U. 


1 OQ J- A 

,iyo it u 


nm 
.UUl 


r; CA _L 1 QC 
5.5U it l.o5 




rlbb 


liN 1 


/u 


noHQc; no ni nt; 
yzUoo-Uz-Ui-UD 


c /1 1 on 
541oU. 


1 A 

,14 


498.80 ± 1 


.12 


U. 


1 no _L A 

, lyo it U 


nni 
.UUl 


T 1 fi _L 1 0/1 

/ .Id it l.z4 




Mbb 


TTS.TT' 
liN 1 


( i 


nonoc; no no nQ 
yzUo5-Uz-Uz-Uo 


CC/1 1 Q1 

541ol. 


,uo 


427.50 ±1, 


.00 


U. 


1 C\C\ _L A 

,iDy it u 


nm 
.UUl 


T CQ _L 1 AC\ 

/ .5o it i.4y 




rlbb 


TTS.TT' 
liN 1 


TO 


nonoc no no nn 
y zUcS 5- U z- Uz- UU 


^A 1 QO 

541c5z. 


no 

,uy 


508.80 ± 1 


.06 


n 
U. 


OOA J- A 

.zzU It U 


nm 
.UUl 


C CR J_ 1 AA 

5.5u it i.uy 




rlbb 


liN 1 


( o 


noHQc; no no no 
yzUcS5-Uz-Uz-Uz 


C y1 1 OA 

54154. 


,U0 


428.70 ± 


.93 


U. 


1 nT J- A 
.ly / It U, 


nm 
.UUl 


T oo _L 1 Ai\ 

( .zz ± i.4y 




rlbb 


liN 1 


74 


92085-02-02-01 


54186, 


,08 


338.20 ± 


.77 


0, 


,170 d:0 


.001 


9.04 ± 1.25 




HSS 


INT 


75 


92085-02-03-00 


54187, 


,98 


295.20 ±0, 


.73 


0. 


,115 lb 0, 


.001 


7.54 ±1.86 




HSS 


TD 


76 


92085-02-03-01 


54190, 


,02 


277.00 ± 


.70 


0. 


,122 lb 0, 


.001 


5.17 ±2.08 




HSS 


TD 


77 


92085-02-03-02 


54192, 


,63 


237.60 ± 


.62 


0, 


,118 ±0, 


.001 


6.03 ±2.17 




HSS 


TD 


78 


92085-02-04-00 


54196, 


,55 


202.20 ±0, 


.51 


0. 


,137 lb 0, 


.001 


4.18 ±2.86 




HSS 


INT 


79 


92085-02-04-02 


54200, 


,62 


167.70 ± 


.44 


0. 


.144 lb 0, 


.001 


7.56 ± 2.20 




HSS 


INT 


80 


92085-02-05-00 


54202, 


,51 


154.50 ± 


.41 


0. 


.155 lb 0, 


.001 


8.38 ± 2.33 




HSS 


INT 


81 


92085-02-05-01 


54204, 


,47 


120.80 ±0 


.35 


0, 


,107 diO 


.001 


7.50 ± 2.83 




HSS 


INT 


82 


92085-02-05-02 


54206, 


,63 


168.30 ±0, 


.41 


0. 


,225 lb 0, 


.001 


10.09 ± 2.69 




HSS 


INT 


83 


92085-02-05-03 


54208, 


,40 


134.30 ±0 


.35 


0. 


,200 lb 0, 


.001 


6.25 ±4.10 




HSS 


INT 



Table 2. The columns are; observation number in this work, RXTE observation ID, MJD, PCU2 count rate, hardness ratio, fractional 
rms (0.001 - 64 Hz), QPO type, and states according to Belloni (2009) and McCUntock & Remillard (2006). 
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# 


kT (keV) 


R (Km) 


r 


Ec 


1 


- 


- 


1.39 ±0.01 


128.2 ± 7.9 


2 


- 


- 


1.38 ±0.01 


119.2 ± 10.1 


3 


- 


- 


1.41 ±0.01 


116.0 ±2.6 


4 


- 


- 


1.41 ±0.01 


118.2 ±4.9 


5 


- 


- 


1.43 ±0.01 


118.6 ± 7.2 


6 


- 


- 


1.44 ±0.01 


91.9 ±4.3 


7 

8 


- 
- 


- 
- 


1.46 ± 0.00 

1.47 ±0.01 


83.1 ±1.4 
73.7 ±3.7 


9 


- 


- 


1.48 ±0.01 


75.3 ± 1.9 


10 


- 


- 


1.50 ±0.01 


73.3 ± 2.6 


11 


- 




1.48 ± 0.01 


67.4 ± 1.6 


12 




- 


1.49 ±0.01 


65.8 ± 1.3 


1 Q 
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Table 3. Spectral parameters. Columns are; observation number, inner disk temperature, inner disk radius (assuming a distance of 8 
kpc and an inclination of 60° , and high-energy cutoff. 
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H SPL TD INT 



LHS 17 - - 2 

HIMS 4 3-7 

SIMS - 3 - 1 

HSS - 2 19 25 



Table 4. Comparison between the two classificatin schemes of Belloni (2009) and McRem (see text). In the first row we report the states 
of the McCIintock &; Remillard classification: Hard (H), Steep Power Law (SPL), Thermal Dominated (TD) and Intermediate (INT); 
in the first column we report the states of the classification we used: Low Hard State (LHS), Hard Intermediate State (HIMS), Soft 
Intermediate State (SIMS), High Soft State (HSS). We see that more than 40% of the observations results unclassified, that is belong to 
the Intermediate state. The states coming from the two different classifications are also reported in Tab. [2] 



